Abstract -Recent r e s u l t s from p e r m i t t i v i t y measurements at microwave t o f a r -i n f r a r e d frequencies are reported f o r various liquid electrolyte a n d non-electrolyte systems. T h e y enlarge o u r knowledge on processes which produce ( b y t h e i r complex interplay o f orientational, intramolecular, kinetic, H-bonding, diffusional and migrational modes) t h e properties of p u r e solvents, solvent mixtures a n d solutions.
INTRODUCTION
T h e ap lication of an electric f i e l d I? ( f , electric f i e l d s t r ngth) t o a liquid yields t h e polarization $ o f t h e liquid (eq. ( l a ) ) consisting o f two parts, ! $ and pa (eqs. ( l b , c ) ), separable by measurement. The time-dependent orientational polarizatyon pu i s t h e r e s u l t of t h e alignment o f dipole molecules by t h e local electric f i e l d against thermal motion. T h e induced polarization P, i s an intramolecular effect due t o t h e action of t h e internal f i e l d on molecular polarizability, following changes o f t h e electric f i e l d without delay up t o f a r -i n f r a r e d frequencies. Pu a n d Pa are linearly independent. T h e i r separation is a hieved by t h e introduction o f t h e so-called "infinite frequency p e r m i t t i v i t y " E-t o which o n l y contributes. 
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In eqs. ( 1 E~ i s t h e p e r m i t t i v i t y o f t h e vacuum, E is t h e relative p e r m i t t i v i t y o f t h e liquid
FREQUENCY DEPENDENCE OF PERMITTIVITY
With increasing frequency of an electromagnetic wave passing t h r o u g h a dielectric, situations are reached in which t h e p o l a r i t y change of t h e electric f i e l d causes significant variation of t h e f i e l d s t r e n g t h w i t h i n periods t h a t are characteristic of molecular motions, such as dipole reorientation, ionic mobility, etc. Then polarization lags b e h i n d t h e electric f i e l d and energy i s dissipated in t h e system. Energy dissipation i s commonlylreated w i t h t h e help o f complex numbers f o r t h e electric and magnetic f i e l d vectors (I?, 6, H, E ) and f o r t h e physical p r o perties permittivity, permeability and conductivity o f t h e sample.
F i g u r e l a shows t h e idealized frequency dependence of t h e real p a r t E ' of t h e complex p e rm i t t i v i t y E ( a), t h e dispersion curve; F i g u r e l b shows t h e corresponding imaginary p a r t E", t h e absorption ( l o s s ) c u r v e characterizing t h e energy loss. T h e decrease of E ' f r o m static p e r m i t t i v i t y t o E-, accompanied by a broad absorption b a n d in t h e E l i diagram i s characteri s t i c f o r t h e reorganization o f t h e liquid s t r u c t u r e . T h i s relaxation process reduces P, from i t s static value t o zero. T h e processes in t h e IR and UV region, affecting pa are resonant transitions.
Appropriate combination of t h e Maxwell equations yields t h e wave equation f o r a t r a v e l l i n g
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wave o f circular freguency w(w=2nv, \)=linear f r e q u e n c y ) in a medium of complex p e r m i t t i v i t y E ( w ) , permeability p ( w ) 
and c o n d u c t i v i t y ? ( w )
v2A+ P A = 0
where 3 is either t h e electric f i e l d s t r e n g t h which propagate in the medium w i t h equal propagation coefficients o r t h e magnetic f i e l d s t r e n g t h fi, b o t h of R2 = k,2ji(w)$(w) ; k,2 = EO/.LOW = ($ (3a,bI ko and co are t h e propagation coefficient and t h e speed of light in vacuum. F o r t h e investigated electrolyte solutions a n d t h e i r solvents, t h e relative complex permeability b ( w ) equals unity. T h e q u a n t i t y called t h e generalized p e r m i t t i v i t y of t h e sample [ l ] i s -in t h e strictest acceptance of t h e Maxwell equations -t h e o n l y measurable q u a n t i t y f o r electrically conducting systems. For non-conducting systems (K=O),it i s reduced t o t h e complex p e r m i t t i v i t y E ( w ) . It i s known from experiments t h a t t h e frequency dependence o f conductance i s v e r y small (DebyeFalkenhagen e f f e c t ) . For lack o f b e t t e r informationsit i s neglected at high frequencies, and generally t h e assumption i s made t h a t K " ( w ) =~, K~( u ) = K ' ( O ) = K ; K i s t h e specific conductance at quasi-static ( v e r y low) frequencies o f t h e investigated electrolyte solution composed of ions o f charge ezk and ionic mobility uk at molarity c k . Then it follows t h a t
WE0
Equation ( 5 ) may be used t o replace K in eqs.(6a,c) by t h e low frequency conductance o f t h e sample measured at electrolyte concentration c. Experimental data of acetonitrile a t t i o n E " ( v ) spectra f o r a polar liquid w i t h a single Debye relaxation process in t h e microwave region and two resonant transitions in t h e I R and UV range; no is t h e r e f r a c t i v e index in t h e visible spectral range.
25oC f o r 0.95<v/GHz 2 40 ( * and spectra calculated from t h e parameters o f a Debye equation f i t t e d t o t h e data ( T a b l e 1 ) "+81.
The dissipated energy p e r unit volume and time is
induced . 1
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Theory of polarization shows t h a t a periodically changing monochromatic electric field, c ( t ) = z o e x p ( i w t ) , polarization ( 0 , t ) ields t h e frequency dependence of orientation polarization ?,(w.tl and Data analysis of microwave p e r m i t t i v i t y spectra begins w i t h an assum&ion as t o t h e t y p e of t h e u n d e r l y i n g step response function. If t h e polarization decay follows a f i r s t -o r d e r k i n e t i c law, e.g. in t h e case of a single reorientation process it follows from a comparison o f e q s . ( l O ) , ( l l ) and ( 9 ) t h a t . ,
T h e reciprocal r a t e constant k of t h e process i s i t s relaxation time, .r=k-l. The combination of eqs. (8a) a n d (12c) yields t h e frequency dependence o f p e r m i t t i v i t y f o r t h i s process, called t h e "Debye relaxation process"
Figures 2 in t h e (E',v)-plane ( e q . ( l 3 b ) , dispersion c u r v e ( l ) ) , in t h e (E",v)-plane ( e q . ( l 3 c ) , absorption c u r v e ( 2 ) ) . a n d in t h e (E',E")-plane ( A r g a n d diagram ( 3 ) ) f o r t h e reorientation o f aceton i t r i l e in t h e frequency range from 0.95 t o 40 CHz, where acetonitrile is. one of t h e r a r e cases t h a t follow a single Debye relaxation process, see Table 1 . Figures 2 impart t h e knowledge of t h e relaxation parameters E, E~ from t h e A r g a n d diagram, a n d .r,-r=l/oCrit,from t h e maximum of t h e absorption c u r v e o r t h e inflection p o i n t of t h e dispersion c u r v e . T h e quantity E l -E m of t h e A r g a n d diagram i s called t h e dispersion amplitude of t h e relaxation process.
The f i r s t -o r d e r process shown in Fig.2 can be easily identified w i t h t h e relaxation process in t h e microwave region of Fig. 1 . However, relaxation spectra a r e commonly more complex. E v e r y molecular process changing t h e orientational polarization derstood as t h e vectorial sum o f all dipole moments p e r unit o f volume, causes a relaxation process of characteristic time constant .rj (relaxation time).
show t h e projections o f t h e t h r e e dimensional c u r v e ( E~, E " , v ) g i v e n by e q . ( l 3 a ) of t h e sample, which can be un- Table 1 gives a s u r v e y on relaxation parameters of selected solvents. Column 2 shows t h e static solvent permittivities E~ determined at low frequencies ( u s 1 0 MHz) w i t h t h e usual equipment f o r t h i s frequency range where no energy dissipation takes place, column 3 t h e range covered b y t h e high frequency equipment and column 4 t h e assumption on t h e step function made f o r t h e data analysis f o r which t h e results are given in column 5a t o 5i. Column 6 shows t h e square of t h e r e f r a c t i v e index n i l ( ED=na) measured by optical methods ( r e f r a ct o m e t r y ) a t t h e wavelength of NaD-line. Column 7 quotes t h e original literature. Columns 4 a n d 5a t o 5i are explained in the following t e x t . Table 1 ranges a n d generally yields more o r less correct data.To deal w i t h t h e more complicated relaxation behaviour, usually detected w i t h a broader frequency coverage, the analysis of t h e experimental data i s based on a suite o f d i s t i n c t relaxation processes which may b e Debye processes ( D i t D 2 a n d Dl+Dz+D3 in Table 1 Equation ( l 4 a ) contains Debye processes (aj=O, p 1 1, Cole-Cole processes (OSa*<.l, pj=1, CC in Table 11 , and Cole-Davidson arocesses (ai=O. 6=<BiS1. CD in Table 11 ref.
PERMITTIVITY A N D DIELECTRIC RELAXATION PARAMETERS OF PURE SOLVENTS
Perusal of Table 1 shows t h a t t h e representation of high frequency p e r m i t t i v i t y data w i t h t h e help of a single Debye process ( D 1 in
[l3] Figure 3 shows an example where t h r e e Debye equations corresponding t o t h r e e relaxation processes in t h e liquid must be assumed t o reproduce t h e measured data.
Insufficient frequency coverage i s responsible f o r many unsatisfactory data. On t h e other hand, an increase in t h e number of dispersion steps i s n o t a sufficient c r i t e r i o n f o r t h e approach t o t h e real relaxation behaviour of t h e sample. S t r o n g s u p p o r t can be obtained from results of other methods p r o b i n g dynamic properties, e. g. Rayleigh scattering, NMR relaxat i o n o r simulation studies; serious arguments f o r t h e assumption of dispersion steps r e s u l t from examination o f how t h e assumed relaxation processes o f a solvent are influenced by t h e addition of electrolytes and non-electrolytes. A detailed discussion of t h e relaxation steps and t h e i r u n d e r l y i n g processes of t h e solvents studied in o u r laboratory i s g i v e n in refs. [2, 3, 4] . The intention of t h e actual paper i s t h e provision of reliable, critically selected p e r m i t t i v i t y and dielectric relaxation data f o r t h e use of theoreticians and practising engineers. Suffice it therefore t o g i v e some b r i e f information on t h e d i f f e r e n t relaxation processes in Table I , which are arranged w i t h r e g a r d t o decreasing relaxation times. We p r e f e r t o assume a relaxation time d i s t r i b u t i o n ( C C o r C D I if t h e r e are no convincing and verifiable arguments f o r a f u r t h e r s p l i t t i n g . A t least f o r some systems where data had t o b e taken from t h e older l i t e r a t u r e (especially TMU), a more complex relaxation behaviour must b e expected in an extended frequency range. A systematic s t u d y covering t h e region 0.95SvlGHz689, of t h e dielectric properties of common solvents and t h e i r electrolyte solutions i s in progress in o u r laboratory; t h i s work will benefit from t h e construction of f u r t h e r equipment extending t h e accessible range t o lower and h i g h e r frequencies in t h e near f u t u r e .
For liquids of non-hydrogen-bonding molecuies, one relaxation process can usuafly b e f o u n d (often w i t h a d i s t r i b u t i o n of relaxation times, c f . Table 1 ) due t o reorientation of t h e molecular dipoles.The processes at 1 p s f o r DMF and DMA (j=2) are due t o hindered intramolecular reorientation around t h e C-N bond.
Hydrogen-bonding liquids show a more complex behaviour. T h e slow process characterized by TI i s cooperative in nature; t h e r e t u r n of t h e bulk s t r u c t u r e t o equilibrium i s accompanied by a marked change of t h e effective macroscopic dipole moment, leading t o a large dispersion amp l i t u d e ( E -E~) of t h e mode. T h e fast process at relaxation times around 1 ps, numbered j=2
f o r water a n d formamide a n d j=3 f o r the monohydric alcohols a n d NMF. is connected w i t h hydrogen-bond formation and decomposition T h e intermediate process (j=2) f o r t h e alcohols and NMF results from t h e reorientation of solv e n t molecules situated a t ends of t h e hydrogen-bonded chains a n d / o r monomers. T h i s mode i s not separable f o r t h e networks o f water and FA [3, 4] .
From t h e above discussion it is evident t h a t a broad frequency coverage i s necessary t o ext r a c t reliable information from complex p e r m i t t i v i t y spectra. T o obtain t h e full information on t h e dynamics of t h e system, t h e inclusion o f f a r -i n f r a r e d data i s desirable, although an upper frequency limit of about 100 G H z already gives satisfactory results in many cases. From o u r experience, we estimate t h a t practically all liquids of medium t o high p o l a r i t y will e x h i b i t a non-exponential relaxation behaviour w i t h deviations from a single Debye equation well before t h e onset of librational modes.
The above considerations are of prime importance f o r theoretical and experimental investigations of t h e effect of solvent dynamics on chemical reactivity, a f i e l d which has attracted increasing interest in recent years. F o r an introduction t h e reader is r e f e r r e d t o t h e reviews [21, 22, 23] . Implications in biochemistry are shown by Frauenfelder and Wolynes [ 2 4 ] .
It has been shown [25] t h a t t h e observed r a t e constants kobs of electron t r a n s f e r reactions
can b e conveniently expressed as
( 1 6 ) where Kp is t h e equilibrium constant f o r t h e formation of t h e precursor state p r i o r t o electroxn t r a n s f e r ~'~1 i s t h e electronic transmission coefficient, v n t h e nuclear frequency factor. AGO,
and AG?. are t h e outer-shell ( s o l v e n t ) and inner-shell ( b o n d d i s t o r t i o n ) activation b a r r i e r s associated w i t h t h e reaction. T h e influence of t h e solvezt on t h e reaction r a t e emerges from
t h e frequency factor V n and t h e outer-shell b a r r i e r AGO, b o t h of which depend on t h e frequency dependent dielectric properties of t h e solvent.
For reactions w i t h negligible AGrs, continuum theory, based on t h e assumption of a single Debye t y p e relaxation process of time constant T f o r t h e solvent, predicts v n t o be proportional t o t h e "longitudinal relaxation rate" T~~, T L = (
E J E ) * T [ 2 6 ] . However, experimental r esults [27, 28, 29, 301 do n o t corroborate t h i s f i r s t -o r d e r approach, but imply a more complex behaviour w i t h non-exponential solvent relaxation. T h i s point i s also stressed in t h e theoretical work of Hynes [31] , who discusses t h e importance of t h e f a s t relaxation modes f o r t h e high r a t e constant kobs observed in alcohols. 
] . T h e b r o k e n lines indicate t h e contributions of t h e individual relaxation processes w i t h increasing relaxation time from l e f t t o right.
PERMITTIVITY A N D DIELECTRIC RELAXATION PARAMETERS OF N O N -ELECTROLYTE SOLUTIONS
Investigation o f t h e self-a n d hetero-association o f molecules, i .e. t h e dielectric relaxation behaviour of apolar and polar solutes in hydrogen-bonding solvents, i s another f i e l d which has attracted increased interest in t h e last few years. In t h i s paper we shall confine o u r attention t o t h e properties of solvent mixtures. For applications in t h e f i e l d o f biophysics, t h e reader is r e f e r r e d t o t h e monograph o f Grant and coworkers [33] and t o r e f . [34]
f o r more recent results.
For mixtures of 1-hexanol w i t h n-heptane, a gradual decrease of t h e relaxation time of t h e cooperative process TI i s f o u n d and i n t e r p r e t e d as gradual monomerization of t h e alcohol [ 3 5 ] . ) between TI, t h e cooperat i v e relaxation of t h e hydrogen-bonded alcohol chains, and t h e velocity correlation coefficients of methanol f l l , obtained from self-diffusion coefficients [ 3 9 ] .
T h i s leads t o t h e conclusion t h a t self-association o f t h e alcohol molecules dominates t h e dynamic behaviour of t h i s system down t o low methanol concentrations.
Systematic studies of n-alcohol/water mixtures have been performed b y Gestblom and Sjoblom f o r alcohol-rich systems(S0.15 weight-% H201 a t frequencies between 0.03 GHz and 10 GHz [40] and by Mashimo e t al.
[41] over t h e e n t i r e m i x i n g range a t O.Ol<v/GHz<l5.
B o t h g r o u p s obs e r v e d a m a r k e d decrease of r1,which i s i n t e r p r e t e d as a b r e a k i n g up of t h e alcohol s t r u c t u r e . T h i s finding i s corroborated by experiments up t o 40 GHz w i t h ethanollwater mixtures at t h e water-rich side [ 2 ], where a s t r o n g l y reduced cooperative relaxation time of t h e alcohol TI^ i's found; T '~= T ( 2 & +~~) / ( 3 & ) i s t h e molecular o r microscopic relaxation time w i t h a minimum a t 25 weight-a ethanol. Interestingly, ~~2 , t h e microscopic relaxation time a t t r i b u t e d t o water in t h e m i x t u r e shows a maximum a t t h e same ethanol concentration,where t h e time constants
TI^ and r l 2 are practically equal, see Fig.5 . T h i s finding, together w i t h thermodynamic data [42, 43] , indicates a high degree o f interaction between water and alcohol in a s t r u c t u r a l a rrangement w i t h optimum space filling a t t h i s composition. I t was f o u n d t h a t t h e enthalpies, ATH", and entropieS,ATs", f o r t h e t r a n s f e r of KCI from water t o ethanol/water mixtures are s t r o n g l y influenced by t h e dielectric behaviour o f t h e solvent [ 4 4 ] .
Hydrophobic h y d r a t i o n i s an important phenomenon in t h e understanding o f water-organic molecule interaction and i s investigated by dielectric spectroscopy. Kaatze and coworkers [45, 46] have extensively studied aqueous solutions of substituted p y r i d i n e s and related compounds. They f o u n d t h a t b o t h relaxation time and p e r m i t t i v i t y o f t h e water in t h e h y d r a t i o n shell are increased when compared t o t h e bulk solvent; t h i s suggests a more ordered s t r u c - . C u r v e s l a a n d 2a show t h e static p e r m i t t i v i t y o f t h e electrolyte solution, respectively; E -~1 gives t h e contribution of t h e ion-pair relaxation process f o r these solutions.
E, f o r CdC12 and CdS04
PERMITTIVITY AND DIELECTRIC RELAXATION PARAMETERS OF ELECTROLYTE SOLUTIONS
T h e addition of electrolyte t o a solvent yields t h r e e effects -change in t h e dispersion amplitudes and relaxation times of t h e solvent relaxation p r o --appearanceof a new relaxation region at t h e low frequency side of t h e (E',&",w)-diagram -superposition of a contribution of electrolyte conductance, K / ( E~w ) , which may be eliminated cesses whenever ion-pair relaxation of associating electrolytes occurs according t o e q . ( 6 ) w i t h t h e help o f separately measured static conductances K vs. c ( v < l O kHz; c : electrolyte concentration). In t h e following discussion, only conductancecorrected diagrams will be used. For complete diagrams including t h e conductance c o n t r i b utions. see r e f . [ 4 8 ] .
The bulk reorientation process o f t h e solvent, j=1 in Table 1 is affected by a decrease o f the solvent p e r m i t t i v i t y t h a t i s ion-specific and non-linear in electrolyte concentration
w i t h nz1.5 o r n=2. The q u a n t i t i y 6, i s called t h e dielectric decrement, 6 ,~= l i m c , 0 ( -~~~/~c ) .
As an example. Fig.6 shows t h e effect of cadmium salts on t h e p e r m i t t i v i t y of water, E~( c ) ( c u r v e s 1-31, A marked difference is f o u n d f o r t h e concentration dependence o f o f t h e 1:2-electmlytesCdC12 ( c u r v e 1 ) and C d ( C I 0 4 ) 2 ( c u r v e 3 ) due t o t h e effect of ion p a i r i n g detectable for t h e f i r s t system; t h e sulfate solutions ( c u r v e 21, where an ion-pair relaxation process is also found, show an intermediate behaviour. F i g u r e 6 also shows t h e effect o f t h e ion-pair relaxation process on t h e total p e r m i t t i v i t y E of CdClZ ( c u r v e l a ) and CdS04 solutions ( c u r v e 2a). I t either increases monotonously o r exhibits a maximum in t h e concent r a t i o n range studied.
A detailed discussion o f t h e influence o f ions on t h e solvent relaxation amplitude a n d relaxat i o n times of various solvents i s g i v e n in r e f . [49] . Interestingly, positive a n d negative changes of t h e characteristic solvent relaxation time 71 are observed, depending on t h e nat u r e o f t h e ion-solvent interactions, but no influence o f t h e ions can b e detected on t h e r elaxation time ~3 ( d u e t o H-bonding) in t h e chain-forming solvents methanol a n d NMF.
The dielectric decrement is t h e central q u a n t i t y in theories o f irrotational bonding of _ t h e solvent molecules [51, 52] and of kinetic depolarization [53] . These theoretical concepts apply at t h e limit o f i n f i n i t e dilution, so t h a t data of good q u a l i t y at low electrolyte concentrations, r a r e l y found in t h e literature, are needed t o determine reliable values of 6, f o r t h e discussion. Table 2 gives a collection of coefficients determined f r o m f i t s of E~( c ) in t h e concentra-solvent t i o n range OCclmol drn-36c, , , w i t h 1-5.10-2mol dm-3 as t h e lowest electrolyte concentration investigated. For a discussion of irrotational bonding a n d related solvation numbers [52] a n d o f kinetic depolarization [53], t h e reader i s r e f e r r e d t o [49] and t h e l i t e r a t u r e q u o t e d therein. A n important application of concentration-dependent solvent permittivities, eq. (17 1, i s t h e i r use in t h e calculation of thermodynamic properties of electrolyte solutions w i t h t h e help of "effective interaction potentials" [&+,55,56,57] instead of mean force potentials at infinite dilution used a t t h e McMillan-Meyer (MM) level. MM models imply t h e use of t h e p e r m i t t i v i t y of t h e p u r e solvent in t h e ion-ion interactions up t o high electrolyte concentrations, in cont r a s t t o effective interaction models which use solvent permittivities ~1 ( c l depending on electrolyte concentration.
Effective interaction models based on some extension o f t h e Debye-Huckel t h e o r y were applied in r e f s . [58, 59] . HNC-calculations of t h e osmotic coefficient f o r methanol solutions o f t e t r aalkylammonium and sodium salts are r e p o r t e d in r e f . [60]. A n example, F i g u r e 7, comparing t h e results from HNC calculations at MM-level and effective interaction potential level w i t h measured osmotic coefficients, illustrates t h e role o f solute concentration dependent permittivities. Unfortunately, t h e f u l l set of data ( v a p o u r pressure, solvent compressibility, permitt i v i t y ) needed f o r a s t u d y of t h e influence o f t h e concentration-dependent solvent permittiv i t y on HNC calculations o f osmotic coefficients is only available f o r v e r y few systems at present.
I O N EQUILIBRIA IN ELECTROLYTE SOLUTIONS
Formation o f neutral ion-pair dipoles gives rise t o additional relaxation processes on t h e low frequency side of t h e dispersion, absorption and Argand diagrams. T h i s feature is documented by many publications [51, 6, 52] .
I n preceding papers [62, 63] .we have shown t h a t t h e dispersion amplitudes o f t h e ion-pair relaxation process yield association constants in agreement w i t h those obtained b y classical methods such as molar conductance, e.m.f., heat of dilution o r vapour pressure measurements, cf. Table 3 , and also permit t h e identification of t h e t y p e of ion p a i r in t h e solution. Table 3 compares association constants KA determined from ion-pair dispersion amplitudes w i t h selected l i t e r a t u r e data K k I t * , mostly from conductance studies. The third column of Table 3 informs on t h e t y p e of ion p a i r ing in t h e solution. Here CIP stands f o r contact ion pair, SSIP f o r solvent-shared ion p a i r . A-commonly observed concentration dependence of t h e ion-pair relaxation time i s explained by t h e superposition of two modes, t h e reorientation of t h e ion-pair dipole in t h e electric f i e l d ( d i f f u s i v e rotational motion) and t h e formation and decomposition of t h e ion p a i r ( k i n e t i c mode) [ 7 ] , p e r m i t t i n g t h e determination of v e r y fast r a t e constants of ion-pair formation ( u p t o k.5. ( 2 ) a n d 0.98 mol dm-3 MdC12 ( 3 ) at 250 c [ 3 8 ] . The b r o k e n lines indicate ( f r o m right t o l e f t ) t h e individual contributions of t h e ion pair, t h e cooperative processes ( TI, cf. Table 1 ) and t h e high frequency process 
